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Resume 
These multi-combined surface treatments lead to a significant improvement in 
load-supporting capacity. Critical load values of cohesive failure measured by 
scratch tests are tripled when compared to the individual treatment of PVD, and 
increased by at least 20% in comparison to the duplex treatments of EBH+PVD 
or PN+PVD. 
The metallurgical compatibility of the single treatments is essential for the 
success of combined treatments. Material-specific limitations are defined, which 
exclude failure due to crack initiation, the occurrence of retained austenite, and 
tempering effects. 
Based on the model wear-test assembly block-on-cylinder, it was proved, that the 
specific wear rate of multi-combined treated specimens is reduced about 20-50% 
while wear of counterpart components is decreased as well. The triplex surface 
heat treatment introduced opens up new prospects for highly-loaded components 
and tools.  
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1. Introduction 
High-performance tools for plastics 
processing, e. g. forming and injection-
moulding tools, are subjected to complex 
loading conditions characterised by enormous 
differences and steep gradients between 
demands on material surfaces and bulk 
materials. Due to ever-increasing demands on 
these materials, conventional treatment 
technologies like vacuum hardening, 
thermochemical treatments, such as nitriding 
and boronizing, the deposition of hard layers by 
PVD or CVD, or thermal surface hardening 
using induction, electron beam or laser beam 
techniques, are not sufficient for realising 
optimised property profiles. A promising way to 
solve this challenge is to generate surface 
treatment combinations (duplex- or even triplex 
surface treatments) which create property 
complexes that are not attainable by employing 
only one of these individual treatments. For 
basic knowledge on duplex surface treatments 
see Ref. [1-6]. 
Since the beginning of the 1980s 
numerous duplex surface technologies have been 
investigated and, to varying extents, successfully 
implemented in industrial applications, in 
particular nitriding with subsequent PVD coating 
(see, e. g. [7, 8]). Combinations are known, too, 
including EB surface-treatment technologies. 
The duplex treatments of nitriding + EB surface 
hardening and vice versa have been used as 
standard series applications for tools and 
components since 1996 [9]. 
It is well known that wear protection 
coatings, such as hard, wear-resistant coatings 
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License. 
To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/ or send a letter to Creative 
Commons, 444 Castro Street, Suite 900, Mountain View, California, 94041, USA. 
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deposited by physical vapour deposition (PVD) 
improve surface properties, but not without 
an additional heat treatment of the base 
material before or after PVD. In the case of 
using bulk heat treatment, large-scale and 
high-cost processing equipment is normally 
necessary. Furthermore, treatment of the 
component as a whole is accompanied by risks 
in relation to distortion [10] and other 
undesirable effects.  
Electron beam surface hardening is 
a progressive, economical and ecological 
alternative to bulk heat treatment technologies, 
because the heat treatment can be limited to 
the highest-loaded areas only and energy 
deposition is exactly definable [9, 11-15]. 
Because of the very short interaction time and 
the process-related treatment in vacuum 
conditions, even a subsequent heat treatment of 
nitrided and hard-coated steels is possible 
without undesirable changes in composition, 
structure and properties of the layers [16-21]. 
For a successful combination of two or 
more individual treatments, it is essential to 
know the effects of interaction between the 
surface treatment and material, i. e. the 
material’s reactions as a result of the sequence 
of treatments. Therefore, this paper deals with 
the basic relationships between combinations of 
hard protective coatings from PVD based on 
CrN, with plasma nitriding and EB surface 
hardening as a fundamental requirement for 
future industrial application. Based on results of 
the duplex treatments of plasma nitriding with 
electron beam hardening (PN+EBH and 
EBH+PN), the material-specific limitations for 
successful triplex surface treatment technologies 
(PN/EBH/PVD) in differently-sequenced steps 
of processing are defined. 
 
2. Experimental 
For these investigations the steels 
40CrMoV13-9 (DIN 1.8523) and 
X54CrMoVN17-1 (M340 Isoplast
®
) were used 
as substrate materials in a previously heat treated 
(hardened and tempered) state. The chemical 
composition of these steels is shown in Table 1. 
EBH was carried out in the electron beam 
facility (type K26-15/80) at an acceleration 
voltage (Ua) of 60 kV and an output power of 
12 kW. A high-speed beam deflection technique 
was used for energy transfer. Because of its 
good deflectability, the electron beam moves 
with frequencies of up to 100 kHz within 
a previously-programmed energy transfer field, 
so that an isothermal energy distribution is 
guaranteed. This results in track-shaped 
hardening with the adjacent areas remaining 
almost unaffected. For the present 
investigations, the track width was limited to 
20 mm and the transformation depth varied 
between 0.2 mm and 1.5 mm. 
Nitriding was carried out as plasma 
nitriding. The process parameters depend on the 
sequence of treatments (TN = 420-600 °C; 
tN = 8-24 h; composition of processing gas:    
15-70% N2 + 85-30% H2). The formation of 
a closed compound layer was avoided. 
 
 
 
 
Table 1 
Chemical composition of steels 
Element (wt%) Fe C Si Mn Cr Mo V others 
40CrMoV13-9 main 0.40 < 0.4 0.5 3.2 1.0 0.2 - 
X54CrMoVN17-1 main 0.54 0.45 0.4 17.3 1.1 0.1 +N 
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The diffusion layer thickness was varied 
between 15-200 µm. 
For PVD coating, the commercially-
available multilayer Cr/CrN coating system 
MAXIT
®
 CrN-modified (Sulzer Metaplas) was 
chosen. The specific characteristic of the so-
called ‘CrN-mod’ is a thin, glass-like Cr2O3 top 
layer, with very low degree of surface energy. 
This property causes good wear resistance with 
an extremely low tendency of adhesion to 
polymers and elastomers. The layer thickness 
generated was in the range of 3.2-3.5 µm. 
The results were characterised with 
regard to the effects of nitriding and/or hard 
coating on the EB-hardened or nitrided layer 
using light microscopy and mechanical tests of 
the layer-matrix compounds (hardness depth 
profiles HV 0.05, surface hardness HV 1, 
critical loads in scratch tests). For wear testing, 
a block-on-cylinder model wear test assembly 
was used. The combination-treated specimen 
(base body) was tested against an iron-based 
hard facing alloy Reiloy 121 counter body, 
containing 10% Cr, 6% Mo, 4% Ni, 3,8% B, 
and 2% C, with particles of glass fibre in 
between at FN = 50 N, v = 0.2 ms
-1
 and 
T = 200 °C for t = 2 h. 
 
3. Results and Discussion 
3.1. Duplex treatments 
3.1.1. Plasma nitriding + EB hardening 
A typical metallographic cross section of 
a two-ply layer resulting from the duplex 
treatment PN+EBH can be seen in Fig. 1a. 
The effect of the combination of nitriding and 
EB hardening is illustrated by the hardness 
depth profiles (Fig. 1b). Because of 
the formation of nitrogen-enriched martensite in 
the previously nitrided layer, higher hardness 
occurs after PN+EBH when compared to 
the state following the individual treatments. 
The thickness of the martensitic 
transformed layer increases with increasing 
energy input during EBH (from EBH1 - lowest 
energy input to EBH3 - highest energy input). 
The formation of small cracks near the surface 
(Fig. 1c) must be noted, however, this occurs if 
the energy input exceeds a certain amount. 
Because of the high chromium content, 
the high alloy tool steel has an excellent 
chemical affinity to carbon and nitrogen. As 
a result of plasma nitriding, the carbon of 
the chromium carbides is displaced by nitrogen 
and is enriched interstitially below the diffusion 
line of nitrogen. For this reason, the formation 
of retained austenite is supported during          
the subsequent EB hardening. High hardness of 
the PN+EBH layer only occurs with small 
energy inputs (Fig. 3, PN+EBH1). With 
increasing energy input, the amount of retained 
austenite (the white layers in Fig. 2) increases, 
too. This causes a pronounced minimum in 
hardness, which is clearly shown in Fig. 3, 
PN+EBH3, that limits the application of this 
technology to hardening depths lower than 
SHD (550 HV) < 0.5 mm. 
 
3.1.2. EB hardening + plasma nitriding 
Subsequent nitriding of EB-hardened 
specimens of the steel 40CrMoV13-9 required 
low nitriding temperatures, because nitriding as 
the second treatment step had a tempering effect 
on the hardness of the EBH layer. Nevertheless, 
a nitriding temperature of only 420 °C / 24 h, 
which resulted in an acceptable nitrogen 
diffusion depth (0.1 mm), caused a decrease in 
hardness of about 150 HV 0.05 (Fig. 4a). 
The achieved hardness depth profile was 
characterised by a two-stage gradient, with high 
case hardness in the thin layer enriched with 
nitrogen and a thicker EBH supporting layer 
underneath. 
With regard to PVD hard coating, it was 
necessary to avoid the formation of a closed 
compound layer. The formation of iron nitrides 
at the surface is controllable by the nitrogen 
content in the processing gas. During nitriding 
with a concentration of 70% N, a compound 
layer of approx. 4 µm was formed (Fig. 4b), 
whereas nitriding with decreased nitrogen 
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content (e.g. 15% N, Fig. 4c) avoided 
the formation of a compound layer without 
a significant reduction of the diffusion layer 
thickness. 
Thermal stability is not critical for 
the high alloy tool steel X54CrMoVN17-1. 
However, high internal stresses occur during 
nitriding which cannot be dissipated by lower 
nitriding temperatures, and cracks are thus 
formed in the nitrided layers. According to 
experience, the tendency towards crack 
formation decreases with decreasing nitriding 
depth. Therefore, the nitriding depth was limited 
to 20-40 µm. On the other hand, higher nitriding 
temperatures impede crack formation, because 
the yield strength of the nitrided layer decreases 
at temperatures in the range of 530-550 °C. 
The usage of higher nitriding temperatures 
is beneficial: With increasing energy input during 
EBH and, therefore, increasing hardening depth, 
the high alloy steels strongly tend towards 
forming retained austenite. Subsequent nitriding 
at temperatures in the third annealing range of 
the steel causes the transformation of retained 
austenite. In Fig. 5b, the metallographic cross 
section of the sample nitrided at 570 °C shows 
untempered martensite (white). At the same time 
a tempering of the EBH layer has to be accepted, 
so that the plateau-like hardness depth profile 
changes into one with a continuous hardness 
gradient (Fig. 5a). 
 
3.2. Triplex treatments 
3.2.1. EB hardening + plasma nitriding + PVD 
coating 
Steel 40CrMoV13-9 
Fig. 6 presents the results of hardness 
measurements after single, duplex and triplex 
treatments involving EBH, nitriding and PVD 
coating of the steel 40CrMoV13-9. Because of 
its limited tempering stability, the hardness in 
the EBH layer was reduced by subsequent 
thermal treatments (nitriding and PVD hard 
coating). The subsequent hard coating did not 
have any effect on the previously nitrided steel 
because both treatments exhibited good 
compatibility with the time-temperature cycles. 
 
 
 
 
 
 
Fig. 1. Results of duplex treatment PN+EBH of the steel 40CrMoV13-9, 
a) Metallographic cross section after treatment PN+EBH1, 
b) Hardness depth profiles of nitrided and subsequently EB hardened specimens, 
c) Microcracks occurring at higher energy input (EBH3). 
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Fig.2. Metallographic cross sections after the duplex treatment PN+EBH of the steel X54CrMoVN17-1 with 
varying energy input during EBH, a) PN + EBH1, b) PN + EBH2, c) PN + EBH3. 
 
 
 
 
Fig. 3. Influence of interstitial elements on the formation of retained austenite during EBH of nitrided specimens 
of the high alloy steel X54CrMoVN17-1. 
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Fig.4. Influence of subsequent plasma nitriding with differing nitrogen contents on the hardness depth profile 
and structure of EB-hardened specimens of the steel 40CrMoV13-9, a) hardness depth profiles, 
b) formation of compound layer (CL), c) no (closed) compound layer. 
 
 
 
Fig. 5. Hardness depth profiles and metallographic cross sections of X54CrMoVN17-1 after EBH+PN at 
different nitriding temperatures, a) hardness depth profiles, b) metallographic cross section: EBH2+PN1 
(TN = 440 °C, tN = 6 h, 70% N), c) metallographic cross section: EBH2+PN2 (TN = 570 °C, tN = 2 h, 30% N). 
 
 
 
Fig. 6. Hardness depth profiles of single, duplex and triplex treatments of the steel 40CrMoV13-9. 
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Fig. 7. Critical load for first adhesive failure (scratch test) after hard coating for duplex and triplex treatments 
(steel 40CrMoV13-9). 
 
 
 
Fig. 8. Triple-graded surface layer of the steel X54CrMoVN17-1. 
 
 
In Fig. 7, the critical loads for first 
adhesive failure are given, which show a good 
correlation to the base material’s load support 
capacity for the hard coating. If the base material 
has only been hardened and tempered, and is 
coated with CrN, the critical loads are very low. 
Using a duplex treatment with EBH or nitriding, 
a significant improvement in load support 
capacity occurred. Best results in scratch tests 
were achieved for the triplex-treated specimens. 
The best load support capacity for the hard 
coating was exhibited by the graded properties of 
the EB-hardened and nitrided surface layer. 
Steel X54CrMoVN17-1 
A typical three-ply surface layer of 
the high alloy steel X54CrMoVN17-1 is shown 
in Fig. 8 and quantified on the basis of hardness 
depth profiles (Fig. 9). Considering the single 
treatments first, the EB-hardened layer 
exhibited a good depth effect, though 
the surface hardness was relatively low. 
The very thin nitrided layer of this steel        
(20-30 µm) exhibited excellent case hardness 
(ca. 1100 HV 0.05). The combination of both 
treatments resulted in a cumulative curve from 
both single treatments, so that an optimal load 
support for the final coating occurred. 
Fig. 10 confirms this tendency by means 
of the results of model wear tests. Compared to 
the normally-used M390 steel grade (chemical 
composition of PM steel Böhler M390 
Microclean
®
: 1.9% C, 0.7% Si, 0.3% Mn, 
20% Cr, 1% Mo, 4% V, 0.6% W), the wear rate 
after triplex treatment was reduced by half. It 
should be pointed out that the wear rate of      
the test counterpart was reduced, too. 
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Fig. 9. Hardness depth profiles of single, duplex and triplex treatments (steel X54CrMoVN17-1). 
 
 
 
Fig. 10. Results of the wear tests (steel X54CrMoVN17-1). 
 
 
 
Fig.11. Hardness depth profiles of single, duplex and triplex treatments of steel 40CrMoV13-9. 
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Fig. 12. Surface hardness after hard coating for duplex and triplex treatments (steel 40CrMoV13-9). 
 
 
 
3.2.2 Plasma nitriding + EB hardening + PVD 
coating 
Steel 40CrMoV13-9 
In contrast to a triplex treatment with 
EBH as the first process step, hardness in 
the EBH layer and, therefore, the metallurgical 
compatibility of this triplex treatment, depends 
on the temperature time cycle of the hard 
coating deposition. Because the PVD process 
was carried out at temperatures between 350 
and 410 °C, the hardness in the EBH layer 
decreased for steel 40CrMoV13-9 by 
~100 HV 0.05. Compared to the duplex 
treatment PN+EBH (Fig. 11, black solid line), 
the hardness in the combined treated areas 
(PN+EBH) increases after PVD (Fig. 11, black 
broken line). It is assumed that, due to 
the temperature cycle during the deposition 
process, retained austenite may have been 
transformed into martensite.  
Surface hardness measurements HV 1 
were used to evaluate the base materials load 
support capacity (Fig. 12). It has to be noticed 
that surface hardness represents a mixed value 
based on the hardness of the matrix material and 
the hard coating. Highest hardness values are 
achieved for the triplex treatment 
PN+EBH+PVD. 
 
4. Conclusions 
Combining two or more surface 
technologies, e. g. EBH, nitriding and PVD hard 
coating, broadens the field of application of tools 
and components by new structure/property 
relations of the layer-matrix compounds. By 
thermal or thermochemical surface treatment, a 
hardened and strengthened layer is produced, 
resulting in a significant improvement of the base 
materials load support capacity for the hard 
coatings. Additionally, the property gradient is 
optimized. 
Attention has to be paid to 
the metallurgical compatibility of the single 
processes. For electron beam hardening before 
nitriding and hard coating, respectively, 
tempering effects have to be taken into account 
if the layer deposition temperature and time 
exceed the tempering stability of the base 
material. For EBH after nitriding, the hardness 
in the areas treated with combined processes 
(the diffusion layer) is increased to a level that 
is higher than the level achieved by any of 
the single treatments, because of the formation 
of nitrogen-containing martensite. 
The required load support capacity for 
the hard coating depends on the loading 
conditions and the base material. For the high  
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alloy steel X54CrMoVN17-1, a significant 
improvement in load support capacity is 
achieved even by a thin nitrided layer of 
20-30 µm. Despite the lower nitriding depth in 
the case of PN+PVD, the improvement in load 
support capacity is higher than for a combined 
EBH+PVD process, because of the higher 
surface hardness. Therefore, the hardening 
depth is not an adequate criterion for load 
support capacity. 
According to the wide range of different 
application characteristics, there are different 
requirements for the case structure, too. 
A triplex treatment offers the opportunity to 
generate a multiplicity of application-specific 
layers. First investigations of a triplex treatment 
combining nitriding, EB hardening and PVD 
hard coatings suggest a great potential for 
complex surface treatments, which are useful 
for highest-loaded components and, in 
particular, for injection-moulding tools and 
tools used for forming.  
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